Such mixtures allow us to expand the solute-solvent collision integral in powers of the mass ratio and thereby to reduce it to a differential form, from which we can in principle calculate directly velocity moments of various orders relevant to the fluxes instead of determining the distribution function.
Such mixtures allow
us to expand the solute-solvent collision integral in powers of the mass ratio and thereby to reduce it to a differential form, from which we can in principle calculate directly velocity moments of various orders relevant to the fluxes instead of determining the distribution function.
Here we mainly concern ourselves with determination of the transport coefficients through the first-order in the mass ratio.
Our results for the transport coefficients are compared with those obtained from the lowest Sonine polynomial appro~imation. We find this approximation becomes exact in a Rayleighian mixture while it is at its worst in the Lorentz limit.
We give a brief comparative analysis of shear viscosity, bulk viscosity and thermal conductivity in the Lorentz and Rayleigh limits. A more recent extension of the "Almost-Lorentzian" gas made and thermal conductivity. For Rayleighian mixture, the binary diffusivity has been the only transport coefficient that was calculated exactly.6,7
The method of evaluating the transport coefficients in the Lorentz limit (well described in the monographs of Chapman-Cowling8 and Ferzigen-KaperIO) is not capable of yielding--in its strict sense of a binary mixture--the transport coefficients such as the shear viscosity and the thermal conductivity since the treatment is concerned only with the motion of the light particle deflected by the stationary solvent particle.
Here we present a method of calculating, within the context of Chapman-Enskog theory, all the transport coefficients of the Rayleighian and Lorentzian mixtures in which the more massive solvent particle is also mobile.
To consider a wider range of solvent density we also go beyond the Boltzmann-equation description.
We use as the starting point the revised Enskog equation, II which is the only simple kinetic theory of dense fluid available that permits analytic expression for the transport coefficients of dense fluid. Among other things, the Enskog-theory treatment yields the bulk viscosity which in the Lorentz limit has an interesting physical implification. This work was motivated by our study of the shear and bulk viscosities in dilute suspension (trace binary mixture) for the solute particle of arbitrary mass and size;2where the problem posed is how far the lowest Sonine polynomial approximations that we used remain reliable.
As the result of this work, we find they are reasonably accurate as long as the mass of the solute particle is not much smaller than that of the solvent particle, and in particular they are exact in the limit of large solute particle mass.
In section II, we present a brief sketch of the standard materials on which our subsequent developments are based: (r, V . ,t) = I J. . where f. is one particle distribution function (DF) of the species 1 i, a.. is the contact distance between the center of the particle 
..
In addition, we are interested in the process of the diffusion of the one species to the other, which is described by the equation
where the mass density and the mass flux are defined by This solution yields empirical relations (2-11), (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) , (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) as well as the expressions for the transport coefficients in terms of the molecular parameters.
In the time and length scale relevant to hydrodynamic description (th'~h) which is far larger than the molecular scales at --
where the hydrostatic pressure P is given by
Using these equations to reduce the time derivatives on the LHS of where each component satisfies the integral equations
Determination of~. by the above equations should be 1 subj ect to the conditions (2-9), (2-3b ), (2-3c).
Being satisfied by f?, the local equilibrium, these conditions 1 :::::
:::..
The mass flux was given by (2) (3) (4) (5) (6) (7) (8) (9) (10) In the case in which the solute particle is much more massive than the solvent particle (ml « m2) the velocity of a 1T 3 is the volume 6-ni()ii in the form (3-3a) heavier solute particle undergoes a very small change during its encounter with a solvent particle.
In this process, the small change,~;-~2 can be regarded as a natural smallness parameter which enables us to expand~;-~2 as
According to the calculation done by Uhlenbeck and Wang-Chang16 on the Boltzmann-level equation, the above expression up through the second order leads to the form for 121 (~2) :
We find (3-5) takes the form of Pocker-Planck collision term with the friction coefficient~R' which describes the Brownian motion of the particle in the bath of the lighter fluid particles. The case opposite that of a Rayleighian mixture is the Lorentzian mixture, in which the mass of the impurity particle is negligibly light compared to the solvent particle. The smallness parameter that exists in this situation is~Z (C;Z -C;) (the change of the kinetic energy induced by collision with the heavier particle)
or the mass ratio mZ/ml.
The limit mZ/ml~a corresponds to the so-called Lorentz limit in which a light particle is elastically scattered by a quasi-stationary solvent particle with its kinetic energy preserved.
.In considering the case of small but nonvanishing 'Z Z / . ,.
Cz -Cz or mZ ml' one may seek the expanslon of~Z-~Z In terms of 2<P2+ (1 -!2 .!2) -2<P2 + (2~z -T) a'€z + 2~~J (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) where the superscript A denotes the quantity that the particle 2 assumes after elastic collision (i.e. at Lorentz limit) which and inserting f2 = f~(l + <P2)' we find our version of eq. (3-12):
where
is the mean free path of the impurity particle in collision with the surrounding solvent particles. Here L~O) is identified as the collision operator corresponding to the Lorentz limit m2/ml + o.
L~l) reflects the nonvanishing response of the solvent particle to the impact of the solute because of its finite mass. Derivation of higher order collision operator from (3) (4) (5) (6) (7) (8) (9) is straightforward, but we shall not pursue further here. Decomposition of f2 onto its varlous components yields
where the differential operators V2 is defined by which also defines DT' the thermal diffusivity.
veloci ty difference can be expressed as Here the contribution from the lowest order (La, Lorentzian limit) collision term to LHS is found to be nill; the leading contribution is in the order O(mZ/ml)' Contribution of To avoid the complexities involved in calculating 112 (~2) and 121 C~l) in detail, we shall concern ourselves with only LO (the Lorentz limit m2/ml + 0) in the Lorentzian mixture (m2/ml « 1).
Also we note that in contemplating such a mixture as Rayleighian in which the solute particle is much more massive than the solvent particle it is natural to regard the solute particle as also much larger than the solvent particle for any realizable solute suspended in a solvent. -(1).n . CPl-bO S5/2(~)~~1.?~-bO~l~l.~~( to I~l (CPl)' multiplying by~~l and performing integration over~l we find
. ( 
3-54)
Performing a similar procedure for (3-52) by using this, i.e.
we are led to the identity by using (3-8b):
I dC m cOe fB = -!!1.
Via (3-38), this brings us to the expression of the viscosity contributed directly by the solute particle as
1121= 5~q p +q Y12 +y2 111 where the second term in the bracket in Among the various terms in the order of~2,the first term is from the motion of the solvent particle caused by the solute particle, and the second is from the Brownian motion of the solute particle, the last being from the mutual collisional transfer which is identical to the result in Chapman and Cowling8 in the low density limit.
The total thermal conductivity is by using the argument also similar to the case of the shear viscosity. x (1 +5 t;lPq-(l+q)) JAl' mation.
Since (3-68a) (3-68b) (3-68c) With these expressions inserted into the equations and we find the condition for the coefficients d~~)" b~i), and hii) , from which these are to be determined. The results of our calculations for the coefficient of binary diffusion, bulk and shear viscosity are --q +q p- )} x P q Y12 l+S(l+q) q P"Iii";-sl12 The diffusivity (3-70) corresponds to ;; = 88% of the exacr esult (3-24) in the Lorentz limit while it proves to be exact
[identical to are reduced to the expression of the single component at q = 1, p = 1, which is accurate, we can conclude that the lowest Sonine polynomial approximation generally gives reliable results in the region as long as the solute particle is not much lighter than the solvent particle.
Comparison of the Contribution of the Solute to K, n, A in the Lorentzian Mixture.
The effect of the solute on the transport in the whole fluid system is multiple as we have seen.
One aspect is the relaxation of the solute particles toward local equilibrium by a streaming motion that involves collision with the solvent particles; another is the mutual collisional transfer between the solute and solvent particles at local equilibrium. The additional indirect effects via the change of the structure and thermodynamic properties of the solvent will not be discussed here.
In the Lorentzian limit the contribution of the solute in relaxation toward local equilibrium is predominant over the local equilibrium contribution.
As is obvious from the observation that the lighter particle is more effective in transporting energy but less efficient in transporting momentum, it is found that A~l is larger than n~l by a factor of p. Accordingly, in the Rayleighian mixture the opposite result is found, i.e. n~l is larger than A~l by a factor of p-l.
However, our result for bulk viscosity seems to defy such a simple explanation.
We discover here that the light solute particle in the Lorentzian mixture is as effective in its contribution to the bulk viscosity (K~1) as in its contribution to the thermal conductivity!
The We note that the effect of Brownian motion is pronounced as long as the mass ratio p and size ratio q are related by p = qa with a larger than 5. That is,
Brownian motion of solute particles with mass density far larger than that of the surrounding solvent particle is more effective in the transport of momentum as the limit p + 0, q + 0 is approached.
Conversely, in the case p = qa with 1 < a < 5, these effect of the solute particle on the viscosity tends to vanish as p + 0, q + O.
In this limit, the heavy solute particle does not undergo-Brownian motion (diffusion) but drifts with the local hydrodynamic velocity~(i.e.~2 = 0). This is the situation with whi~h the usual hydrodynamic treatments26 of suspension are concerned and is described by the limiting level of approximation denoted as RO by us.
In the RO limit, we find , where the local equilibrium contribution of solute to A is absent since as long as p = qa, 1 < a < 5, the heavy particle is ineffective in conducting energy.
IV. come back to this problem in the next paper.lZ
CONCLUSION AND COMMENTS
We shall
Although the resulting transport coefficients in the limit a22/all + 00, m2/ml + 00 are exact within the framework of the Enskog theory, we note that they lead to singular physical behaviors in comparison with the hydrodynamic results that are exact in this limit;
the results of D12' K, n in , and ( 
